Triads isolated from frog and rabbit skeletal muscle were equilibrated with different external [Ca2+], ranging from 0.025 to 10 mM. Vesicular calcium increased with external [Ca2+] as the sum of a linear plus a saturable component; the latter, which vanished after calsequestrin removal, displayed Bma, values of 182 and 132 nmol of calcium/mg of protein, with Kd values of 1.21 and 1.14 mM in frog and rabbit vesicles, respectively. The effect of luminal [Ca2+] on release kinetics in triads from frog and rabbit skeletal muscle was investigated, triggering release with 2 mM ATP, pCa 5, pH 6.8. In triads from frog, release rate constant (k) values increased sixfold after increasing luminal [Ca2+] from 0.025 to 3 mM. In triads from rabbit, kvalues increased 20-fold when luminal [Ca2+] increased from 0.05 to 0.7 mM. In both preparations, k values remained relatively constant (10-12 s-1) at higher luminal [Ca2+], with a small decrease at 10 mM. Initial release rates increased with luminal [Ca2+] in both preparations; in triads from rabbit the increase was hyperbolic, and in triads from frogs the increase was sigmoidal. These results indicate that, although triads from frog and rabbit respond differently, in both preparations luminal [Ca2+] has a distinctive effect on release, presumably by regulating sarcoplasmic reticulum calcium channels.
INTRODUCTION
Calcium release from sarcoplasmic reticulum (SR) in skeletal muscle is mediated by the ryanodine receptor-calcium release channels that have been identified with the foot proteins located in the SR terminal cisternae regions (Fleischer and Inui, 1989) . Calcium release has been extensively investigated in vitro, measuring calcium fluxes from SR vesicles isolated mostly from mammalian (rabbit) skeletal muscle. These studies have shown that calcium release is activated by micromolar [Ca2"] and by mM [ATP] and caffeine, and is inhibited by mM [Mg2"], acidic pH, and micromolar ruthenium red (Smith et al., 1985 (Smith et al., , 1986 Meissner, 1984; Meissner et al., 1986; Sumbilla and Inesi, 1987; Moutin and Dupont, 1988; Ikemoto et al., 1989) . These effects are all exerted from the cytoplasmic side of the channel.
There are a limited number of studies, all of them carried out in mammalian muscle, describing regulation of calcium release and of calcium channel opening probability (PO) by luminal calcium. In SR vesicles isolated from rabbit skeletal muscle, a study of calcium release kinetics describes a regulatory effect of intraluminal [Ca2"] on release rate constants, after triggering release with caffeine (Ikemoto et al., 1989) . Likewise, SR vesicles isolated from pig skeletal muscle require a threshold luminal [Ca2"] for calcium-induced calcium release (Nelson and Nelson, 1990 ), suggesting the presence of luminal regulatory sites.
Studies of the effect of luminal (trans) calcium on SR calcium channels incorporated in bilayers have produced contradictory results. It was reported that increasing trans calcium from the ,tM to the mM range decreased P. in channels from rabbit skeletal muscle and produced a permanent closure of the channels present in pig skeletal muscle SR (Ma et al., 1988; Fill et al., 1990) . Contrary to these findings, a 60% increase in PO on increasing trans calcium from 50 ,uM to 10 mM was recently described for the purified ryanodine receptors from rabbit reconstituted in liposomes and fused with planar lipid bilayers (Tripathy and Meissner, 1994) . The effects of luminal calcium on P0 may be due to calcium binding to luminal regulatory sites of the channel protein and may depend also on the mechanism of channel activation, as indicated by studies with the calcium release channels of rabbit skeletal (Herrmann-Frank, 1993) and sheep cardiac SR (Sitsapesan and Williams, 1994) .
In amphibian skeletal muscle, however, there are no reports regarding the effect of luminal calcium on calcium channel behavior or calcium release. The two ryanodine receptor isoforms present in amphibian skeletal muscle (Olivares et al., 1991; Oyamada et al., 1994) respond differently to changes in cis [Ca2"] (Murayama and Ogawa, 1992) . Whether the presence of two isoforms also affects regulation by luminal [Ca21] of calcium release in SR isolated from frog skeletal muscle is not known. Thus, to analyze eventual differences in SR from frog, we studied the role of luminal calcium on calcium release kinetics in triads isolated from amphibian skeletal muscle, and we compared this preparation with triads isolated from mammalian skeletal muscle. We found that changes in luminal [Ca2+] had distinct effects on the rate constants of calcium release and on the initial rates of release in both triad preparations. Although in both systems the release rate constants increased markedly in response to changes in luminal calcium concentration, the changes were more striking in triads from rabbit than in triads from frog. The initial rates of release increased with luminal calcium in a hyperbolic fashion in triads from rabbit, and in sigmoidal fashion in triads from frog, suggesting intrinsic differences between both species. A partial preliminary report of some of these results has been presented elsewhere (Prieto et al., 1994) .
MATERIALS AND METHODS Preparation of triads
Triads were isolated from frog (Caudiverbera caudiverbera) and from rabbit skeletal muscle in the presence of a combination of protease inhibitors, following a procedure described in detail in previous work . Triads were stored at -80°C for up to 1 month.
To remove calsequestrin, triads were incubated (0.5 mg protein/ml) in 0.15 M sucrose, 1 mM EGTA, 20 mM Tris/HCl, pH 8.0, for 30 min at 200C. Vesicles were overlaid on a two layer discontinuous sucrose gradient, and were sedimented at 100,000 X g; triads depleted of calsequestrin were collected as a band from the 35-60% sucrose interface.
Calcium loading at equilibrium
Triads (0.6 mg of protein/ml) were incubated in loading solutions containing 0.1 M KCI, 40 mM MOPS, pH 6.8, and different concentrations of CaCl2 plus 45CaC12 (5-15 mCi/mmol). After equilibration for 2 h at 18-20°C, 0.05 ml of the vesicle containing solution were diluted in 1 ml of the same loading solution without radioactive calcium, and were filtered through Millipore filters (AA, 0.8 gm). The filters were washed with 5 ml of nonradioactive loading solution, and their radioactivity was determined in a liquid scintillation counter. Nonspecific calcium binding was determined in the presence of 0.3 jig/ml ionophore A23187.
Calcium release studies
The release of the accumulated calcium was induced at 22°C with a solution containing 2 mM ATP, pCa 5, pH 6.8, in a fast filtration system (Biologic) as described elsewhere (Moutin and Dupont, 1988; Donoso and Hidalgo, 1993) .
Determination of the intravesicular volume
Triads (rabbit) were diluted to 8 mg/ml in a solution containing 0.12 M sucrose, 10 mM histidine, pH 6.8, and either 2 ,uCi of [3H]inulin or 5 ,uCi of ["4C]glycerol in a total volume of 180 Al. Vesicles were incubated for 30 min at 20°C and were sedimented at 100,000 X g in a Beckman airfuge. The supernatant was carefully removed, and the amount of radioactivity associated with the pellet was determined in a liquid scintillation counter. The intravesicular volume was calculated as the difference between the distribution volumes of [14C]glycerol (total volume) and [3H]inulin (extravesicular volume).
Other procedures
Gel electrophoresis was performed as described by Laemmli (1970) . Protein was determined according to Hartree (1972) using bovine serum albumin as standard. Free [Ca2+] was calculated with a computer program (Goldstein, 1979) using the binding constants for EGTA, HEDTA, and ATP from Martell and Smith (1974 
RESULTS

Calcium equilibration in the triads
The amount of calcium taken up at equilibrium by triads isolated from frog skeletal muscle, measured as a function of extravesicular [Ca2"], exhibited two components ( Fig [Ca2"], and the amount of calcium taken up at equilibrium by the vesicles was determined as described in Materials and Methods. Filled symbols represent the Mean ± SE of three to six determinations. Open symbols represent the amount of calcium taken up by the vesicles after treatment with ionophore A23187, which corresponds to nonspecific binding. The dashed line depicts the amount of nonspecifically bound calcium plus the calcium that is free in the intravesicular lumen. The best fit to the experimental points (-) was given by the functions: vesicular calcium (nmoles/mg) = (182c/(1.21 + c)) + 4.5c (frog) and vesicular calcium (nmoles/mg) = (132c/(1.14 + c)) + 6.9c (rabbit), where c is the external calcium concentration in mM. The insets toA and B show vesicular calcium as a function of external calcium concentration in triads devoid of calsequestrin.
nmol/mg of protein with a K05 of 1.21 mM (Table 1) , and a linear component that was adjusted as described below. Triads from rabbit featured a similar behavior ( Fig. 1 B) , with a linear plus a saturable component with a Bmax value of 132 nmol/mg protein and a K05 of 1.14 mM (Table 1) .
Origin of the saturable component
As evidenced by their gel electrophoretic pattern (Fig. 2) , both triad preparations displayed similar calsequestrin contents, corresponding to 22-26% of the total protein, as indicated by the respective scans of their SDS-gels. To investigate whether the saturable component found in both triad preparations corresponds to intravesicular calcium binding to calsequestrin, the only luminal triad protein that has a large calcium binding capacity, we extracted calsequestrin from the triads and measured calcium accumulation. After incubation with EGTA, pH 8.0, both triad preparations released most of their calsequestrin ( Fig. 2 ) and lost their saturable calcium binding component (Fig. 1, A To determine nonspecific binding, we measured calcium bound at equilibrium after adding ionophore A23187 during the entire equilibration period. We found that calcium binding to vesicles treated with A23187 followed a linear function, with a slope of 2.9 nmol/mg protein/mM [Ca2"] in triads from frog ( Fig. 1 A, open squares) and a slope of 5.3 nmol/mg prot/mM [Ca2"] in triads from rabbit ( Fig. 1 B, open circles). To calculate the total slope of the linear component, we added to these values the value of the slope of the free intravesicular component (1.6 nmol/mg protein/mM [Ca2"]).
The calculated values for the combined slope of the linear component were 4.5 and 6.9 nmol/mg protein/mM [Ca2"] for triads from frog and rabbit, respectively. These values were used in the nonlinear fits used to generate the curves shown in Fig. 1, A and B , which produced the respective saturable components.
Calcium release as a function of vesicular calcium
Calcium release was induced with 2 mM ATP at pCa 5, pH 6.8, 22°C. As shown previously, in these conditions triad vesicles equilibrated in 3 mM CaCl2 release 70% of the accumulated calcium, with rate constants of 10-14 s-1 . Vesicles passively equilibrated with varying external [Ca2+] released the same constant proportion (70%) of the total calcium taken up regardless of the amount of calcium equilibrated inside the vesicles (Fig. 3 ). This finding suggests that a fraction (30%) of the vesicles present in both triad (0) which was obtained assuming that 70% of the total luminal [Ca2+] (Fig. 1) was released. Values for frog were Bmax = 127.4 nmol/mg; KOI5 = 1.21 mM.
Values for rabbit were Bma = 92.4 nmol/mg protein; KO5 = 1.14 mM.
ing up to 11.7 ± 1.65 s-1 at 5 mM [Ca2+]; lower values were observed at 10 mM [Ca2+], with k = 6.4 ± 0.75 s-1.
The effect of luminal [Ca2+] on the rate constants of calcium release was even more remarkable in triads from rabbit (Fig. 6 B) ; a 20-fold increase after a 14-fold increase in luminal [ resulted in rate constants of release with values in the range of 8-10 s-1.
The lines in Fig. 6, A [Ca2+]e = 1000). We chose triads from frog to carry out these experiments because we have previously shown that in this preparation raising external calcium from pCa 7 to pCa 5 did not affect the rate constants of ATP-induced calcium release . As shown in Table 2 , despite the very different chemical gradients present, the rate constants had the same values at pCa 5 and at pCa 7. These The analysis of initial rates as a function of luminal calcium showed that in both systems initial rates increased with increasing luminal [Ca2+], and saturated in the mM [Ca2+] range (Fig. 7) . However, although the data in triads from rabbit were well fitted to a simple hyperbolic function, the initial rates of release in triads from frog increased with luminal [Ca2+] following a sigmoidal function, with a Hill coefficient of 1.8.
DISCUSSION Calcium equilibration results
Calsequestrin is the main intrareticular calcium-binding protein of skeletal muscle SR. Because of its high calcium- binding capacity and its intermediate affinity, calsequestrin has been proposed to act as an intrareticular calcium buffer (Fleischer and Inui, 1989) . 2.45 ± 0.66b 9.9 ± 1.6 (5) pCa 5
2.48 ± 0.24 (5) 9.1 ± 0.65 (4) The results presented in this report, showin vesicles depleted of calsequestrin lost the satura nent of calcium binding at equilibrium, indica component stems from calcium binding to calseq concordance between the KO5 values of calcii found in our experiments and the Kd values for ca ing to calsequestrin isolated from frog (Volpe 1991) and rabbit skeletal muscle (Ikemoto et al measured under similar ionic conditions (0.1 M E supports this conclusion (Table 1) .
Both triad preparations displayed similar c; contents, 22-26% of the total protein. Thus, the values for calcium-binding obtained in triads fro sumably reflect the larger calcium binding capac questrin from frog muscle (Table 1) . Furthermoi respective Bm. values of the saturable componei questrin content of 15-16% of the total protein culated for both preparations. These values are lower than the contents given by the gel scans. Ii that the Bmax for calsequestrin inside the vesi calsequestrin forms a network anchored to the t F temae (Franzini-Armstrong et al., 1987) , is somewhat lower than in solution.
The present results show that in the range of luminal [Ca2"] investigated most of the calcium present in the vesicles must first dissociate from calsequestrin before being released. We have found that calcium appears to dissociate from calsequestrin in solution in the microsecond time range,' much faster than the millisecond time range of the calcium release responses. Furthermore, vesicles equilibrated with calcium in the presence of A23187 did not exhibit a saturable calcium-binding component (Fig. 1) , indicating that calcium bound to calsequestrin dissociated during the filter washing period and was lost from the vesicles. It remains to be established whether in vivo most of the calcium present in the SR lumen is free (Volpe and Simon, 1991) or bound to calsequestrin, and whether calcium dissociation from calsequestrin in vivo is as fast as in solution.
I ' Calcium release experiments
Several studies using different experimental approaches have indicated that luminal calcium regulates calcium release from skeletal muscle SR. However, contradictory results have been reported. In skinned fibers, a critical level of calcium load in SR is required to observe calcium-induced calcium release (Endo, 1977) . In heavy SR vesicles isolated 8 7' 0 from rabbit skeletal muscle, fast release kinetic studies of caffeine-triggered calcium release indicate that rate constants change markedly on raising luminal [Ca2"] (Ikemoto et al., [on of the con-1989). Furthermore, heavy SR vesicles from pig skeletal I to equilibrate muscle, actively loaded in the presence of ATP, release cale best fit to the cium only after reaching a threshold value of luminal [Ca2"] iads from frog (Nelson and Nelson, 1990 ), suggesting the presence of intraluminal regulatory sites for calcium release. An increase in channel opening when increasing luminal [Ca2"] would be consistent with the above reports. Studies with single SR g that triad calcium channels incorporated in bilayers, however, have ble compo-produced contradictory results, because inhibitory (Ma et al., ite that this 1988; Fill et al., 1990) and stimulatory effects (Tripathy and uestrin. The Meissner, 1994) of luminal calcium on PO have been reutm binding ported. lcium bind-In this work we have found that luminal [Ca2"] changed and Simon, markedly the rate constants and the initial rates of ATP-1974), all induced calcium release in triads from frog and rabbit skel-C1), further etal muscle. However, the two vesicular preparations showed alsequestrin higher Bmax 1 After calcium-binding, calsequestrin experiences extensive conformam frog pr tional changes (Ikemoto et al., 1974; Ostwald et al., 1974) that cause changes ity of calsein its intrinsic fluorescence, and undergoes aggregation (He et al., 1993) . We re, from the have determined the time course of calcium association and dissociation nts, a calsefrom calsequestrin by measuring its intrinsic fluorescence in a stopped-flow can be calsystem after mixing calcium-saturated calsequestrin with EGTA-containing somewhat solutions, or after mixing calcium-free calsequestrin with calciumt is possible containing solutions. We found that the change in intrinsic fluorescence that les possibe occurs concomitantly with calcium dissociation or association to calsequescles, where trin (Ikemoto et al., 1974) took place in less than 1 ms, the resolution time erminal cisof the stopped-flow system (Prieto et al., 1994) . some significant differences in their responses. The rate constants in triads from rabbit increased 20-fold when luminal [Ca2+] increased 14-fold, from 0.05 to 0.7 mM. In triads from frog, in contrast, k values increased only sixfold after increasing 120-fold luminal [Ca2+], from 0.025 to 3 mM. Furthermore, in the lowest range of luminal [Ca21] studied, 0.025 to 0.25 mM, triads from frog exhibited almost no variations in rate constants, with values '1.5 s-1 (see Fig. 6 A, inset), whereas triads from rabbit showed a steady increase in rate constants in this luminal [Ca2+] range. Likewise, although initial release rates increased with luminal
[Ca21] in both preparations, in triads from rabbit the increase was hyperbolic, and in triads from frog the increase was sigmoidal (Fig. 7) .
These observations indicate that triads from frog and rabbit respond differently to changes in luminal [Ca2+] . It is known that SR calcium release channels from frog display two types of calcium dependence to changes in cis calcium concentration (Bull and Marengo, 1993) , and that the two calcium channel isoforms isolated from frog skeletal muscle SR and reconstituted in lipid bilayers behave differently to changes in cis [Ca21] (Murayama and Ogawa, 1992) . Hence, it is conceivable that the two isoforms may also respond differently to changes in luminal [Ca21], as discussed below.
Studies with the isolated isoforms are needed to test this point.
Data analysis of rate constant changes
To test whether the observed changes in rate constants as a function of luminal calcium can be ascribed solely to the properties of the calcium release channels present in the vesicles, we have applied the following theoretical treatment to our results. The relationship between the rate constant for the flux of an ion from a single vesicle and the properties of the channels that mediate the flux is given by the expression derived from constant field theory (Miller, 1984) ,
where A = (3RT/4-irz2F2r), R, T, z, and F have their usual meaning, r is the vesicular radius, N is the number of channels per vesicle, y is the single channel conductance, PO is the probability of the channel of being in its open state, and c is the luminal ion concentration.
Triads from rabbit
The conductance of most ion channels, and in particular of the calcium release channels from rabbit skeletal muscle (Smith et al., 1986) , changes as a function of ion concentration according to the expression 'Ymax C )Km +c (2) Values of Km = 20 mM (Meissner, 1984; Smith et al., 1986) (Ma et al., 1988; Fill et al., 1990) . But the experimental findings of Ikemoto et al. (1989) and of this work indicate that k values increase markedly with luminal calcium. Thus, to explain this behavior of k with c according to equation [3] , P0 should increase with luminal calcium, in agreement with the recent findings of Tripathy and Meissner (1994 
For SR vesicles in triads with a vesicular radius r = 100 nm (Mitchell et al., 1983) , at 20°C a value of A = 1.56 X 1013 mM S-1 S-1 was calculated.
Equation [5] can be expressed as
A'c k = (Km + c)(Ko + c)' where A' = ANymax.Po . The nonlinear fit of the experimental points to Eq. 6 yielded the solid line drawn in Fig. 6 B for triads from rabbit and predicted the large initial increase and the subsequent decrease of k values with luminal [Ca2"] observed in this triad preparation. Furthermore, the theoretical fit gave values of A' = 2.37 X 102 mM s-', and of K. = 0.26 mM. Because A' = ANymaxPo , substituting A = 1.56 X 1013 mM S-1 S`and ymax = 100 pS, it follows that NPom. = 0.15. If N = 1, then PO = 0.15, and if N = 2, POm. = 0.075. These are reasonable values for both parameters, justifying the theoretical approach followed.
Triads from frog
For the SR channels present in frog skeletal muscle, there are no published data for variations in either conductance or P.
with luminal [Ca2 ]. Assuming that the conductance changes as in SR channels from rabbit with the same value of Km = 20 mM for calcium, the theoretical fit of the experimental points to Eq. 6 originated the curve shown in Fig. 6 al., 1988) , it follows that NPo = 0.17. If N = 1, then PO = 0.17. Donoso et al. 513 (6) However, the best fit to the experimental k values in triads from frog was less adequate than in triads from rabbit, indicating once again that the two vesicular preparations behave differently. A modified version of Eq. 6, considering release through two independent channels, each with its own PO vs. c function, one of them sigmoidal and the other independent of c (Eq. 7), and both of them with the same hyperbolic function for y as that described above in Eq. 2 for the rabbit isoform, gave a better fit to the data (Fig. 6 A, (7) The best fit for k1, using the value of Km = 20 mM and ,Ymax = 100 pS, gave the following values for the parameters:
A' = 196 mM s-1, n = 2.6 and Ko = 6.6 mM. From these values, the product N1PO = 0.13.
The best fit for k2, using again the value of Km = 20 mM and ymax = 100 pS, gave the value for the parameter B = 40.7 mM s-1. From this value, the product N2(Po )2 = 0.03, indicating either that the hypothetical channels that originate k2 are present at a very low density of channels per vesicle or have a low open probability.
Because there is insufficient experimental information on the channel properties of the two isolated isoforms of the ryanodine receptors of frog muscle, this approach is discussed here only as a possible predictive model of how luminal calcium may influence k values in SR from frog skeletal muscle.
From this theoretical analysis, we propose that the properties of the calcium release channels present in the vesicles can account solely for the observed experimental behavior of the rate constants. Whether luminal calcium controls directly channels properties or whether this effect is mediated by calsequestrin should be investigated further, because a role of calsequestrin in controlling calcium release in vesicles has been proposed (Ikemoto et al., 1989 (Ikemoto et al., , 1991 Gilchrist et al., 1992) , and it has been reported that SR calcium channel open probability increases after calsequestrin addition to the trans side in the presence of mM luminal [Ca2+] (Kawasaki and Kasai, 1994) .
CONCLUSIONS
The main finding of this work is that luminal [Ca2+] controls calcium release kinetics in triads isolated from frog and rab-bit skeletal muscle, albeit with some clear-cut differences. Using the theoretical relationship between the rate constant for the flux of an ion from a single vesicle and the properties of the channels that mediate the flux (Miller, 1984) , we were able to generate curves that predicted the experimental changes of rate constants with luminal [Ca2"]. If in the intact fibers release rate constants vary with luminal [Ca2"] as they do in vesicles, models of calcium efflux from SR should take this into account if the physiological conditions are to be reproduced.
